ABSTRACT: We experimentally demonstrate dielectrophoretic concentration of biological analytes on the surface of a gold nanohole array, which concurrently acts as a nanoplasmonic sensor and gradient force generator. The combination of nanoholeenhanced dielectrophoresis, electroosmosis, and extraordinary optical transmission through the periodic gold nanohole array enables real-time label-free detection of analyte molecules in a 5 μL droplet using concentrations as low as 1 pM within a few minutes, which is more than 1000 times faster than purely diffusion-based binding. The nanohole-based optofluidic platform demonstrated here is straightforward to construct, applicable to both charged and neutral molecules, and performs a novel function that cannot be accomplished using conventional surface plasmon resonance sensors.
R efractometric sensors harnessing surface plasmon resonance (SPR), charge density oscillations of conduction electrons on the metal surface, have become standard tools for measuring molecular binding kinetics and affinity. 1−3 In SPR instruments, analytes diffuse toward and bind with receptors immobilized on the metal sensing surface. This binding interaction changes the interfacial refractive index (RI), which can be measured in real time by monitoring the SPR angle or wavelength shift. 3 With continual improvements in SPR technologies, commercial instruments can detect surface coverage of proteins down to ∼0.1 ng/cm 2 with bulk RI resolution of 10 −7 refractive index units. 3 However, detection of low-concentration analytes depends not only on the instrument itself but also on their transport. 4, 5 For example, assuming the detection limit of 0.1 ng/cm 2 , purely diffusion-based detection of pM-level proteins could take many hours. 6 To overcome this diffusion limit for surface-based biosensors, various schemes have been employed. For example, analyte binding can be accelerated by dispersing nanoparticles in a solution for rapid sampling, 4 by electrokinetic preconcentration of charged molecules toward sensing surfaces, 7 by utilizing evaporation-driven concentration of sample droplets, 8 or by forcing an analyte solution through nanopores to shrink the diffusion distance. 9−11 While integration of electrical and optofluidic manipulation schemes with SPR sensing is desirable, unpatterned gold films used in conventional SPR instruments limit our options for tailoring local electric fields and fluidic paths. In contrast, nanoplasmonic structures such as metallic nanoparticles 12, 13 or nanoholes 14 open up several options to enhance SPR sensing. In particular, metallic nanohole arrays have emerged as a versatile platform to perform SPR sensing 15 as well as surface-enhanced spectroscopies, 16, 17 flowthrough, 9, 10, 18, 19 and lipid membrane-based biosensing.
20−23
Another attractive scheme leveraging the unique geometry of metallic nanohole arrays is dielectrophoresis (DEP)-enhanced SPR sensing, which has been proposed theoretically 24 but not yet shown experimentally.
Dielectrophoretic forces originate from the difference in conductivity and dielectric permittivity between an electrically polarizable particle and its surrounding medium. 25 External electric fields induce a net polarization at the particle-medium interface. In spatially nonuniform fields, the particle is either attracted to (positive DEP) or repelled from (negative DEP) regions of high electric field. The polarity of the DEP force and the frequency response are determined by the ClausiusMossotti factor, f CM (ω), where ω is the frequency. For a spherical particle, it is given by
where ε p *(ω) and ε m *(ω) are the complex permittivities of the particle and the medium, respectively. The time-averaged DEP force acting on a spherical particle of radius R and calculated from the electric field amplitude, E, is
Equation 2 shows that a high electric field intensity gradient, ∇|E|
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, which can be easily created in miniaturized geometries such as sharp electrode edges, metallic tips, 26 or micro/ nanoscale gap electrodes, 27 can boost DEP forces. The rims of each hole in a metallic nanohole array (Figure 1 ) concentrate charges and thereby create strong local field gradients, thus nanohole films can concurrently act as a DEP electrode and SPR sensing substrate, which is not possible with flat gold films used in conventional SPR. Furthermore, the location of maximum plasmonic fields, that is, the rim of each hole, 28 coincide with the location of maximum field gradients present in DEP, thereby trapping analytes in the region of maximum detection sensitivity. Laser-illuminated metallic apertures had been previously used to trap particles via optical forces, which is also proportional to the gradient of field intensity. 29 Dielectrophoresis, which is based on a similar physical principle but typically occurs at radiofrequencies, is easy to implement, and can be used to attract or repel particles, thereby providing another attractive option for particle manipulation.
In this work, we integrate large-area gold nanohole arrays with a transparent electrode to experimentally demonstrate DEP-enhanced SPR sensing. Rather than using the suspended flow-through nanohole structure as proposed initially, 24 we choose dead-ended nanohole films, which are easier to fabricate and handle but still produce strong DEP forces suitable for molecular trapping. Transport of molecules to the sensor surface, which is normally governed by diffusion, is significantly accelerated via alternating current (ac) electric field-induced forces on the molecules. We demonstrate capture and release of 190 nm polystyrene beads on the gold nanohole surface by modulating the frequency of the applied ac signal. Finally, we detect bovine serum albumin (BSA) molecules in a 5 μL sample droplet at 1 pM concentration owing to significantly enhanced molecular transport.
The schematic of the experimental setup is illustrated in Figure 1a . Large-area gold nanohole arrays were prepared using a combination of nanoimprinting and template stripping as described previously. 30, 31 ITO-coated glass slides (SigmaAldrich) were used as transparent top electrodes. The gap between the ITO-coated slide and gold nanohole array is defined by using 3M Scotch Magic tape as a spacer, whose thickness is measured to be approximately 40 μm. Binding events were monitored in real time by tracking the SPR wavelengths in the transmission spectrum. The sample solution (5 μL) was introduced into the gap and an ac signal was applied between the ITO electrode and gold nanohole array to attract analyte molecules toward the nanohole array surface ( Figure  1b) . A scanning electron micrograph (SEM) of the nanohole array ( Figure 1c) shows a hole diameter of ∼140 nm and periodicity of 600 nm. A photograph of the template-stripped gold nanohole array patterned in an area of 8 mm × 8 mm is shown as an inset to Figure 1c .
Several groups have demonstrated the SPR sensing capability of gold nanohole arrays 15,20,32−34 based on the extraordinary optical transmission (EOT) effect. 35 The transmission spectrum through the nanohole array shows a series of resonant peaks and dips associated with SPR in the gold film, and these spectral features shift toward longer wavelengths as the surface-bound molecules increase the interfacial RI. For EOT-based SPR sensing, the nanohole array is illuminated with a tungsten-halogen lamp and the transmitted light collected by a 2× objective is sent to an imaging spectrometer (Newport MS257) coupled with a deep-cooled 1340 × 400 pixel CCD camera (Princeton Instruments PIXIS 400B). A MATLAB script is used to fit a polynomial function to the appropriate resonance in the spectrum and measure the resonance shift automatically. We simulated the static electric field around a single gold nanohole (diameter of 140 and 20 nm hole edge radius of curvature) in our experimental design with a 2D axisymmetric model using FEM in COMSOL Multiphysics 4.3a. As the nanoscale features of the substrate are much smaller than the wavelength of the 1 kHz signal applied, the 6 V p-p (peak-topeak) ac was approximated as a 6 V direct current (dc) signal. A data collection point was chosen near the nanohole edge along r = 86 and 5 nm above the gold surface (starred in Figure 2a) , which is where the radial component of the magnitude of ∇|E| 2 is minimized. From eq 2, the DEP force on the particle is proportional to ∇|E| 2 , which is shown in both magnitude (colors, logarithmically scaled) and direction (vectors, also logarithmically scaled) in Figure 2a . Figure 2b shows the magnitude of ∇|E| 2 plotted along r = 86 nm. The dependence of DEP force on the distance between the ITO electrode and the gold surface was determined by observing the magnitude of ∇|E| 2 at the data collection point for electrode gaps, d, varying between 1 and 500 μm and is shown in Figure 2c . A 1/d 2 dependence was found, which matches theoretical expectations for relatively long waves interacting with a small hole in a thin sheet of metal. 36 Additionally, reducing the electrode gap by a factor of 3 increases the dielectrophoretic force by approximately 1 order of magnitude.
To calculate the optical field distribution on the nanohole array, three-dimensional (3D) finite-difference time-domain (FDTD) simulations were performed with a commercial software package (Fullwave, RSoft Design Group). A single 140 nm diameter hole was simulated with periodic boundary conditions along the dimensions parallel to the gold film to represent an infinite square array with a period of 600 nm. The gold film was simulated as being 100 nm thick and optical constants taken from Rakic et al. 37 The grid sizes in the dimensions parallel to the gold film were 3 nm while the grid in the dimension perpendicular to the gold film was 10 nm scaled down to 3 nm at the gold interface. The simulated transmission spectrum (Figure 3a) matches well with the measured spectrum (Figure 3b ). For sensing, the resonance associated with the gold−water interface was used, and Figure 3c ,d shows the timeaveraged electric field intensity map at the transmission maximum (856 nm) and minimum (838 nm), respectively. Previous studies have shown sensitivity to RI changes in both the transmission maximum and minimum, 38 and here the transmission minimum is used since it was experimentally found to be the most sensitive in our setup.
The Figure 4c shows the fluorescence measurement of the entire experiment as a threestep process (2 min duration each) consisting of (i) no applied bias to establish the baseline, (ii) positive DEP with applied voltage of 10 V p-p at 1 kHz, and (iii) negative DEP with applied voltage of 10 V p-p at 10 MHz. Fluorescent images were recorded at regular time intervals of 10 s using a Photometrics CoolSNAP HQ2 CCD camera and Micro-Manger software. The measured fluorescence intensity (ImageJ software) over the nanohole region increases with time during the positive DEP cycle but does not return to zero during the subsequent negative DEP cycle. The residual response is due to the fluorescence from the suspended beads that are still close to the surface but repelled from the trapping volume. In a separate experiment, we performed time-resolved SPR sensing by measuring the EOT spectrum through the nanohole array, as shown in Figure 4d . During the positive DEP cycle, the position of the minimum close to 830 nm shifts toward longer wavelengths as the beads move toward and adsorb on and around the gold nanoholes. Beads are rapidly repelled from the surface during the negative DEP cycle, as evidenced by the sudden reversal of spectral shift. In Figure 4d , we show multiple cycles of positive and negative DEP during a single experiment, demonstrating a robust reversibility. As the SPR sensing volume is much smaller than that of wide-field fluorescence imaging, background signals due to suspended beads do not contribute to the measured signal. The slight offsets in the measured spectral shift after each negative DEP cycle are attributed to a small number of beads that are immobilized on the surface by van der Waals forces.
While positive DEP trapping occurs over a wide range of frequencies, DEP force decreases rapidly as we move away from the nanoholes. Therefore, DEP force alone may not be effective in trapping molecules from the bulk solution because of the diffusion-limited transport. However, applying an electric field in a solution can also cause electrohydrodynamic effects such as joule-heating-induced electrothermal flows or ac electroosmosis, 39 which can act in concert with DEP to facilitate the transport and subsequent capture of analyte molecules on the plasmonic hotspots of the nanoholes. In our experiments, a low-conductivity solution is used to minimize any electrothermal flows, 39 but we do expect electroosmotic flows. In ac electroosmosis, application of an ac voltage forms an induced charge double layer at the electrode−electrolyte interface that redistributes at each cycle depending on the charge relaxation frequency of the system, given by f = σ m /(2πε m ), where σ m is the medium conductivity. 39, 40 Electrostatic field simulation around the nanohole (Figure 2) shows a significant tangential electric field gradient that can impart a force on the double layer and generate a fluid motion via ac electroosmosis. 40, 41 Empirically, we found the most efficient frequency for trapping to be 1 kHz, which is less than the charge relaxation frequency (∼63 kHz for σ m = 0.28 mS/m). Thus the nanohole geometry can generate electroosmotic fluid flow and subsequently capture molecules by DEP, which is not possible to accomplish using a flat unpatterned gold film.
To demonstrate the utility of DEP-enhanced SPR sensing in detecting protein molecules at low concentrations, we used BSA (molecular weight: 65 kDa, Sigma-Aldrich) dissolved in a water medium of conductivity = 0.28 mS/m. The applied voltage was 6 V p-p at 1 kHz frequency and the binding of BSA molecules on the gold nanohole array surface was monitored by recording the EOT spectrum every 2.5 s. The time-resolved spectral shifts corresponding to 1 nM, 10 pM, and 1 pM concentrations of BSA are shown in Figure 5a along with the negative control (only water). Each experiment begins with 15 min of baseline with no applied bias, followed by an ac electric field for approximately 40 min. Because of the trapping of BSA molecules on the nanohole array, spectral shifts were observed for concentrations as low as 1 pM. Furthermore, a flat line measured from the negative control experiment shows that the shift is not due to any electric field-induced fluid flow in the medium. The starting 15 min baseline also shows diffusionbased binding is negligible (Figure 5a) .
In this work, we chose to investigate a medium of low conductivity, which facilitates positive DEP trapping and reduces heat generation as well as unwanted surface reactions. In solutions of higher ionic strength, we have observed irreversible spectral shifts, which is possibly due to the dissolution of the gold surface. 42 For biological applications, it is desirable to use physiological buffer solutions, and in such cases, it may be possible to first trap molecules using DEP in a low-conductivity buffer and then inject a high-conductivity buffer for subsequent experiments.
We estimate the trapping volume of a single BSA molecule in our device by determining the threshold force
where D is the diffusion constant, Δt is the experimental time, k is the Boltzmann constant, and T is the temperature. 43, 44 For BSA trapping experiments, Δt = 3300 s and D = 63.8 μm 2 /s, and the threshold force, F th , is calculated to be 12.8 aN. Using eq 2 (approximating BSA as a sphere) and the volume of a BSA molecule (∼163 nm 3 ), 45 we determined that the BSA trapping volume extends 30−40 nm above the nanohole edge.
We further characterized the performance of our sensor by estimating the time (time of detection, t d ) it will take to achieve limit of detection (LOD), which is defined as the concentration of analyte molecule that produces a signal corresponding to 3 times the noise level of the sensor. 3 Here we compared the time of detection corresponding to each concentration of BSA with the time required for purely diffusive capture (t diffusion ) on a sensor surface. For one-dimensional diffusion of analytes in a stagnant solution, a simplified model assuming irreversible binding leads to the following equation 46, 47 
where Γ(t) is the surface coverage, C bulk is the bulk concentration. Using eq 4, we can estimate t diffusion for diffusion-based SPR biosensors by measuring the time corresponding to a surface coverage value equal to the LOD of that sensor. In Figure 5b , we have shown the dependence of t diffusion as a function of BSA concentrations in bulk solution for a range of LOD values typical for surface-based biosensors (0.1−10 ng/cm 2 ). For example, a sensor with LOD = 0.1 ng/ cm 2 would take approximately 8 h to reach the detection limit from a solution containing 10 pM BSA in a stagnant condition, whereas it only takes approximately 4 min for 100 pM BSA. This drastic difference in time of detection is due to the inverse square dependence on the bulk concentration (t diffusion ∝ C bulk −2 ), which complicates detection at ultralow concentrations (Figure 5b ). Even with convection-aided analyte transport, it is challenging to detect analytes at sub-10 pM concentrations. 6 In our experiments, t DEP for each concentration was determined from the time required to achieve signal-to-noise (S/N) ratio of 3. As shown in Figure 5b , we can dramatically change the inverse square dependence in the diffusion-based model to t DEP ∝ C bulk −0.22 using DEP, which allows detection at low concentration within a reasonable time frame. For example, the time of detection for 10 pM BSA is approximately 8 min as compared to 8 h for diffusion limited transport, which is 60 times faster. This active dielectrophoretic concentration effect is even more pronounced at lower concentrations. For 1 pM BSA, t DEP is ∼14 min as compared to t diffusion of ∼800 h; t DEP is more than 1000 times faster than t diffusion .
In conclusion, we have demonstrated efficient DEP molecular trapping and concurrent real-time SPR detection by integrating a large-area gold nanohole array with an ITO electrode. In our system, sensitive spots for SPR detection, that is, rims of gold nanoholes, coincide with the location of maximum ac electric field gradients required for DEP. The DEP-enhanced detection limit for BSA with ∼1 pM concentration is significantly lower than the previous detection limit of 100 nM for BSA using flow-through nanohole-based electrokinetic concentration. 11 Besides periodic nanohole arrays in metallic films, our scheme can be integrated with other nanoplasmonic sensors, such as noble metal nanoparticles, 48, 49 single isolated or random nanohole arrays, 20, 50 or flow-through nanoholes. 9 While it is not trivial to reduce electrode gaps below 1 μm, such improvements will increase the gradient force even further and enable DEP trapping of smaller molecules at even lower concentrations. Furthermore, nanohole sensors can also function as substrates for Raman spectroscopy 16, 51 and plasmon-enhanced fluorescence detection. 17, 52, 53 DEP-enhanced SPR sensors couple ultrasensitive sensors with a rapid analyte concentration technique to overcome diffusion and push the limit of detection beyond the scope of the state-of-theart commercial systems.
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